In situ rates of reductive dissolution in submerged shoreline sediments at Lake Tegel (Berlin, Germany) were measured with a novel hydrous manganese (Mn) oxide-doped gel probe sampler in concert with equilibrium gel probe and sequential extraction measurements. Rates were low in the top 8 cm, then showed a peak from 8 cm to 14 cm, with a maximum at 12 cm depth. This rate corresponded with a peak in dissolved porewater iron (Fe) at 11 cm depth. Below 14 cm, the reductive dissolution rate reached an intermediate steady value. Lower rates at depth corresponded with increases in operationally defined fractions of carbonate-bound and organic-and sulfide-bound Mn and Fe as detected by sequential extraction. Observed rates of reductive dissolution, which reflect a capacity for Mn reduction rather than actual rates under ambient conditions, appear to correlate with porewater chemistry and sequential extraction fractions as expected in early sediment diagenesis, and are consistent with previous measurements of in situ reductive dissolution rates. Significant downward advection in 4-2 this bank filtration setting depletes the Mn and Fe oxides in the sediments and enhances the transport of dissolved Fe and Mn into the infiltrating water.
Introduction
4-3 high-resolution, in situ measurement technique. Otherwise, environmental Mn reductive dissolution rates have been measured in sediment incubations from sediment cores (Canfield et al. 1993) and in an in situ bell jar (Balzer 1982) , all of whose conditions inevitably differ from or disturb the actual setting. Building on the qualitative in situ Mn oxide redox indicator probe developed by Edenborn and Brickett (Edenborn and Brickett 2002, Edenborn et al. 2002) and high-resolution gel-based porewater samplers (Fones et al. 1998 , Campbell et al. 2008a , an Mn oxide-doped gel probe has been developed for the quantification of in situ reduction rates (Farnsworth and Hering 2010) .
Lake Tegel is a small eutrophic lake in northwest Berlin, Germany (Schauser and Chorus 2007), used for recreation and bank filtration for municipal water supply.
Wastewater effluent (after secondary treatment) is released into the upstream tributaries of Lake Tegel. Because phosphorus (P) is the limiting nutrient, its release from or retention within the lake sediments affects the water quality of the lake (Schauser et al. 2006 ). The water extracted from bank filtration wells requires treatment for only Fe and Mn removal currently, but algal blooms in the lake could induce break-through of organic metabolites that would require additional drinking water treatment (Massmann et al. 2007 ).
The purpose of this study is to evaluate the in situ reductive dissolution rates in shoreline sediment at Lake Tegel using a novel Mn oxide-doped gel probe sampler in concert with standard sequential extraction and equilibrium gel probe techniques. Our results will provide new insight into rates of redox processes in an environment that is relevant for both drinking water and groundwater quality in this highly-managed setting.
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Materials and Methods
Site description
Lake Tegel is a small lake (mean depth 7.6 m, surface area 3.06 km ) (Schauser and Chorus 2007) . Most of the lake is underlain by fine-grained, organic-rich sediments with low hydraulic conductivity (lacustrine sapropel), because of which most of the infiltrating water for bank filtration travels through permeable sand at the lake margins, where water depth is < 2 m (Massmann et al.
2007
). All sampling conducted in this study occurred in sands along the eastern bank of Lake Tegel.
Reagents
All chemicals used were reagent grade and used without further purification. All water used was 18 MΩ-cm deionized water (Millipore). Solutions were stored in plastic containers that had been acid-washed in 5% hydrochloric acid. All nitric acid solutions were made with trace-metal-grade HNO 3 (Merck, Suprapur, 65%). All hydroxylamine solutions were made with trace-metal-grade hydroxylamine (Fluka). 
Gel probe deployment
A complete description of HMO synthesis, clear and HMO-doped gel synthesis, reequilibration, and analytical methods is provided in Part I (Farnsworth and Hering 2010).
Two gel probes 35 cm long (Campbell et al. 2008b) were loaded with clear and HMOdoped gels, respectively. The gel slabs were secured with a 0.45 m nitrocellulose membrane filter (Whatman, Protran) and held in place with a plastic face plate. The probes were placed in separate aluminum-coated O 2 -impermeable polyethylene foil bags filled with deoxygenated water, bubbled with compressed N 2 gas for ≥ 24 h prior to 4-6 deployment to deoxygenate the water inside the gels, emptied of water, and welded shut for transport to the field, following Roberts et al. (2010) .
The two gel probes were deployed back-to-back 3.75 m from the shore of Lake Tegel in July 2008. The foil bags were cut open on site, and the probes were inserted vertically into the sediments perpendicular to the shoreline, with several gels above the sediment-water interface (water depth 18 cm). The sandy sediments were soft up to 10 cm depth, below which they were hard; gel probes had to be hammered to the final depth of 25 cm. Wind-induced waves approximately 5 cm in height constantly propagated perpendicular to the shoreline, although no evidence of wave-driven sediment movement (e.g., ripples) was observed. Conditions during deployment were overcast, with intermittent light rain, and an average lake water temperature of 21°C (air temperature 18°C). The gel probes were allowed to interact with the sediment porewater for 48 h undisturbed before being extracted from the sediment. The gels were immediately removed from the probes and placed in individual, preweighed 2 ml tubes (Eppendorf), which were stored in ice during transport to the lab.
Upon arrival, the tubes (with gels) were weighed, and 1.25 ml 0.5% hydroxylamine HCl or 2% HNO 3 were added to the HMO-doped and clear gels, respectively. A minimum of 24 h later, these solutions were diluted for ICP-MS (Agilent 7500cx) analysis. The concentrations of Mn (or other solutes) from the gel solution was calculated as described previously (Campbell et al. 2008a ).
Gel analysis
The calculation of the apparent rate coefficient for HMO reductive dissolution from HMO-doped gels is complicated by the need to account for the diffusion of dissolved Mn 
Here, the rate of change in Mn concentration in a gel (R, mol ml A software file (see Appendix B) was developed for MATLAB to solve for k′ efficiently over an entire gel probe. Equation (4-1) was converted to the finite difference form below (equation (4-2)), which approximates the diffusion term via the central 4-8 difference theorem. The thickness of each gel (2 mm) was split into 5 equal "cells" (xaxis) for this approximation.
In the software code, C represents Mn ( 
Core processing and analysis
Two sediment cores were collected adjacent to the gel probes at the time of deployment, using 32 cm polycarbonate tubes with an internal diameter of 4.8 cm. One core was sliced immediately into 5 cm sections and stored in separate glass jars for porosity and particle-size measurements. The second core was transported on ice to the laboratory, where it was frozen until sequential extraction.
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Physical parameters of sediment Sediment sections from the first core were dried in an oven at 150°C overnight and sieved through a 500 μm sieve to remove large organic debris. Particle size and porosity measurements are detailed in Appendix B ( ) was calculated by solving
where k p is intrinsic permeability (cm 2 ), ρ is the density of water (g cm 
Sequential extraction
In the laboratory, the second core was handled under N 2 in a glovebox for subsequent solid-phase extractions. The core was cut into 3 cm sections, the sediment mixed to homogenize the samples, and 3 samples taken from each section as replicates. The sequential extraction method ( (Peltier et al. 2005) , in step 4b and the solid-solution ratios were adapted from Ngiam and Lim (2001) . For each sample, 2-3 g of wet sediment were transferred into 50 ml centrifuge tubes, followed by the reagents for each step. After each extraction step was completed, the samples were centrifuged at 1900g for 12 min, 4-10 and the resulting supernatant was filtered through a 0.45 m cellulose acetate filter and saved for analysis. Between each reaction step (except between 4a and b), samples were rinsed with 8 ml deionized water, which was saved after a second centrifugation. All steps prior to the organic and sulfide extraction were carried out under N 2 in a glovebox, except the heating portion of step 3, which was carried out in a fume hood with minimal infiltration of O 2 into the reaction vials. Samples were diluted with 2% HNO 3 and analyzed by ICP-MS. Element concentrations were converted to percentages of the total amount extracted from the sample, omitting the contributions from silicate-bound minerals not extracted in this method. Concentrations were normalized to the dry weight of the sample, as measured by drying sediment from each core section in an oven for 24 h at 140°C.
Results
The porewater concentrations in Lake Tegel near-shore sediments were low in all tested trace elements except Fe and Mn (Table B. Figure B .2). Manganese generally had high "exchangeable" fractions at all depths (11-55%), whereas Fe had essentially no "exchangeable" fraction (< 1%).
"Carbonate-bound" Mn and Fe fractions were measured at depths greater than 16 cm, and were relatively small (4-16% Mn; < 2% Fe). "Reducible oxides" of Mn and Fe were highest at the surface-water interface, and decreased with depth. For both Fe and Mn, the fraction of "organic-and sulfide-bound" was low at the surface-water interface, increased to a maximum at 13-16 cm depth, and decreased again with depth. The "residual" fraction varied with depth, generally composing 24-78% of the total Fe and a lesser proportion of the total Mn (2-49%). (Table B .1). Sediment was sandy, and mean particle size values were generally consistent with the trend in porosity, ranging from 215 to 332 μm (mean of all samples = 294 μm) and generally decreasing with depth, except for the deepest sample (Table B .1).
Visual observations suggest that a minor peak in the particle size histograms of sediment samples from deeper core sections ( Figure B. 3) may result from decomposing organic matter, since varying amounts of fine, black particles were interspersed with coarse, brown sand. These black particles were more numerous in core sections that contained more large organic debris, which was partially decomposed. The temperature of the shallow groundwater sampled in this study was assumed to be equal to the measured lake water temperature, 21°C. Using this temperature, K was estimated to range from 3.90×10 
In situ rates and reductants
The range of reported Mn reductive dissolution rates is wide, and generally lower than the rates measured in these sediments (Table 4 .2). Surface-area-normalized rates either measured or calculated from diagenetic models ranged from 5. waters were obvious, nor were rates from diagenetic models significantly different from direct measurements. In contrast, the nutrient load in the water body seemed to be 4-17 significant; eutrophic water bodies generally had faster Mn oxide reduction rates in their sediments. The maximum rate from our study was among the faster rates in the literature, within the ranges measured in the Gulf of St. Lawrence (Sundby and Silverberg 1985) and the eastern Danish coast (Balzer 1982) . The "shallow" and "deep" rates from our study were mid-range, similar in magnitude to that measured in Long Island Sound (Burdige and Gieskes 1983). Constructed wetland to treat acid mine drainage Sources: 1 Burdige and Gieskes (1983); 2 Edenborn and Brickett (2002); 3 Robbins and Callender (1975); 4 Canfield et al. (1993); 5 Balzer (1982); 6 Sundby and Silverberg (1985) Ideally, pseudo-first-order rate coefficients obtained in our study could be tied to experimentally derived rate coefficients in literature to help identify the possible in situ Mn oxide reductants. The pseudo-first-order rate coefficient (k′) should correspond to the laboratory-derived rate coefficient (k) for a given reductant (Red) as shown in Equation (4-7): It is, however, important to bear in mind that the introduction of the HMO-doped gel probe represents a perturbation of ambient conditions. In the case of Lake Tegel sediments, the microbial community is presented with a substrate that is relatively depleted in the ambient sediments. Although the microbial community at some depths may quickly commence Mn reduction, especially in zones of Fe reduction (Blakeney et al. 4-20 2000) , the community in other zones must acclimate to the given substrate in a relatively short period of time (48 h). Thus the Mn reduction observed with the HMO-doped gel probe corresponds to a capacity for Mn reduction rather than an actual rate under ambient conditions.
Impact of field setting on rates
The sediments at the shoreline of Lake Tegel are not representative of the whole lake, although local homogeneity was observed on the scale of 5-10 m. Chemically, sediments in the lake basin were found to have 30× the Fe content of our shoreline sediments (30 mg kg 
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The relative lack of "reducible oxides" at and just above (10-16 cm depth) the peaks in dissolved Fe and reduction rate (12 cm) reflects reductive dissolution over a long time scale without comparable Fe and Mn oxide input. Subsequent transport through sediments and aquifer material prevents diffusion of reduced Fe and Mn to oxic regions, where it might be reoxidized. Reduced Mn and Fe thus travel along the bank infiltration flow path, as is typical in eutrophic bank filtration systems (von Gunten et al. 1994) .
